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Glycemic Variation and
Cardiovascular Risk in the
Veterans Affairs Diabetes Trial
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OBJECTIVE

There is uncertainty about the importance of glycemic variability in cardiovascular
complications in patients with type 2 diabetes. Using the Veterans Affairs Diabetes
Trial (VADT), we investigated the association between variation in fasting glucose
and glycated hemoglobin (HbA,.) over time and the incidence of cardiovascular
disease (CVD) and assessed whether this is influenced by intensive or standard
glycemic control.

RESEARCH DESIGN AND METHODS

During the VADT, fasting glucose and HbA; . were measured every 3 months for up
to 84 months in 1,791 individuals. Variability measures included coefficient of vari-
ation (CV) and average real variability (ARV) for fasting glucose and HbA, .. Overall
mean glucose and HbA,;. measures as well as their maximum and the most re-
cent measurement were also examined.

RESULTS

Variability measures (CV and ARV) of fasting glucose were significantly associated
with CVD even after adjusting for other risk factors, including mean fasting glucose.
When considering separately groups receiving intensive and standard glycemic
control, this relationship was evident in the intensive treatment group but not in the
standard group. Additional adjustment for severe hypoglycemic episodes did not
alter the relationship between fasting glucose variability and CVD. Interestingly, no
HbA;. measures were associated with CVD after adjusting for multiple baseline risk
factors.

CONCLUSIONS

Our analysis indicates that in the VADT, variability of fasting glucose plays a role in
the development of CVD complications beyond the influence of standard fasting
glucose measures. The adverse consequences of fasting glucose variability on CVD
appear greatest in those receiving intensive glucose control.

Current management of type 2 diabetes (T2D) uses periodic glucose measures and
average glycated hemoglobin (HbA;.) to monitor glycemic control and inform
decisions regarding glucose-lowering therapy. The rationale is based on their
ease of measurement and on observational and trial evidence that demonstrates
that these measures are relatively good predictors of micro- and macrovascu-
lar complications of diabetes (1-6). However, there is less consensus about the
relative importance of glycemic variation over time as a contributor to diabetes
complications.
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Recent evidence has raised the pos-
sibility that visit-to-visit fasting glucose
or/and HbA;. variability may add to
standard glycemic measures for predic-
tion of cardiovascular complications in
patients with diabetes (7,8). For exam-
ple, one analysis of the Action in Diabe-
tes and Vascular Disease: Preterax and
Diamicron MR Controlled Evaluation
(ADVANCE) trial indicated in the inten-
sive glycemic control group an increase
in variability of HbA;. and blood fasting
glucose in the first 2 years was associ-
ated with an increased risk of subsequent
vascular events and mortality for pa-
tients with T2D (9). These results were
even more impressive given the rela-
tively good overall glycemic control in
this cohort. However, in ADVANCE, only
three measurements of HbA;. were
taken during the first 2 years of follow-
up. Moreover, as no glucose levels
were recorded in the standard group
over this time frame, no comparison
with the control group could be con-
ducted. Although not all studies have
supported the additional predictive value
of visit-to-visit variability in glucose
control in predicting diabetes complica-
tions (10,11), a recent review and meta-
analysis by Gorst et al. (12) reported
positive contributions of HbA,. variabil-
ity to adverse outcomes including renal
disease, diabetic retinopathy, diabetic neu-
ropathy, cardiovascular macrovascular
events, and death for patients with T2D.
Similar results were shown for patients
with type 1 diabetes (4,13). Therefore,
glycemic variability is emerging as a
possible additional measure of glycemic
control that predicts vascular complica-
tions (14-16). However, few studies have
examined the role of glycemic variability
in the context of a glucose-lowering
trial, and no studies have determined
whether these effects differ by treat-
ment group.

Using data from the Veterans Affairs
Diabetes Trial (VADT) study, we per-
formed a comprehensive examination
of the relationship between visit-to-visit
fasting glucose and HbA variability and
incident cardiovascular disease (CVD).
Using the VADT cohort allowed us to
investigate whether the relationship be-
tween fluctuation in glucose control and
incident CVD differed according to in-
tensity of glycemic treatment. Indeed,
although intensive treatment provided
mild protection from CVD events in the

VADT cohort, the harmful effects of
glucose variability were much greater
in this group than in the patients with
T2D receiving standard care.

RESEARCH DESIGN AND METHODS

Study Design and Analysis Cohort
The VADT was a randomized trial that
enrolled 1,791 military veterans (mean
age 60.4 years) who had a suboptimal
response to therapy for T2D (HbA;.
>7.5%) to receive either intensive or
standard glucose control. The design and
principal results have been described
previously (17,18). Following an estab-
lished algorithm, the two groups were
treated with similar medications (but
different doses) with a goal of achieving
an absolute difference of 1.5% HbA;.
difference between treatment groups
(17). HbA,. and fasting glucose were
measured every 3 months up to a max-
imum of 84 months. At 3 months into the
trial, median HbA, levels had decreased
in both groups and had stabilized by
6 months, with a level of 8.4% in the
standard therapy group and 6.9% in the
intensive therapy group (Supplementary
Fig. 1).

For this analysis, we excluded obser-
vations from the first 6 months of the
trial to eliminate the effect of rapid re-
duction (per protocol) in fasting glucose
and HbA;. on glycemic variation mea-
sures in this early period of the trial.
We additionally excluded individuals with
two or fewer measurements of fasting
glucose or HbA;.. This left 1,659 indi-
viduals who had at least two measure-
ments of fasting glucose or HbA;. for
analysis after the first 6 months of the
study.

Primary and Secondary Outcomes

The primary outcome for the VADT, and
this analysis, was the time to the first
occurrence of any one of a composite of
CVD events, adjudicated by an end point
committee that was blinded to the as-
signments of study groups. The com-
posite CVD events were documented
myocardial infarction, stroke, death from
cardiovascular causes, new or worsen-
ing congestive heart failure, surgical
intervention for cardiac, cerebrovascu-
lar, or peripheral vascular disease, in-
operable coronary artery disease, and
amputation for ischemic gangrene (17).
A sensitivity analysis was conducted us-
ing major adverse cardiac events (MACEs;
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i.e., cardiovascular death, myocardial in-
farction, and stroke).

Glycemic Variables

We compared risks of cumulative mean,
maximum, and most recent fasting glu-
cose or HbA;. values prior to the CVD
event with measures of variability for
both fasting glucose and HbA;.. Many
different definitions of glycemic varia-
tion have been adopted in prior studies.
Most commonly used are SD, coefficient
of variation (CV), variability independent
of mean (VIM), and average real vari-
ability (ARV) (7-9,14,15). Definitions of
variability measures are included in
Supplementary Table 1. We selected
CV and ARV for this analysis, as VIM
needs extra estimation, which can gen-
erate bias, and SD does not consider
mean levels of glycemic control that
are particularly relevant in a glucose-
lowering trial. CV and ARV for both
fasting glucose and HbA;. were defined
over quarterly visits during the trial and
capture long-term glycemic variation.
Our measures are distinct from short-
term glycemic variability, usually cap-
tured by repeated blood or capillary
glucose measures using glucometers
or implanted sensors that focus on gly-
cemic fluctuation within a day or be-
tween multiple days in an individual.
Glycemic risk variables were calculated
as continuous and time-dependent
covariates in Cox proportional hazard
models (16,19). We also categorized
variability variables into quintiles and
compared the risks of CVD between
high versus low variability groups.

Statistical Analysis

Data are expressed as means (SD) for
continuous variables or as numbers and
percentages for categorical variables.
Differences between patients who did
and did not develop an event were
analyzed using the Wilcoxon test
for continuous variables and the x?
test or Fisher exact test, as appropri-
ate, for categorical variables shown in
Table 1.

Multivariable analyses were per-
formed using Cox proportional hazard
models to evaluate the time-dependent
effects of fasting glucose and HbA,.. To
ease interpretation of statistical models,
hazard ratios (HRs) for all variables of
glycemic control were standardized to a
change of one SD. SD of time-dependent
measures of variation were calculated at
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Table 1—Baseline characteristics by incident CVD event status

Primary outcome MACE
No (n = 1,181) Yes (n = 478) P value No (n = 1,430) Yes (n = 229) P value
Age (years) 59.4 (8.4) 62.7 (8.6) 0.0001 60.0 (8.5) 63.0 (8.5) <0.0001
Treatment, n (%)
Standard 581 (49.2) 252 (52.7) 0.21 714 (49.9) 119 (52.0) 0.57
Intensive 600 (50.8) 226 (47.3) 716 (50.1) 110 (48.0)
Sex, n (%)
Male 1,141 (96.6) 469 (98.1) 0.11 1,385 (96.9) 225 (98.3) 0.30
Female 40 (3.4) 9 (1.9) 45 (3.1) 4 (1.7)
NHW, n (%)
No 491 (41.6) 136 (28.5) 0.0001 556 (38.9) 71 (31.0) 0.023
Yes 690 (58.4) 342 (71.5) 874 (61.1) 158 (69.0)
Smoking status, n (%)
No 986 (83.5) 402 (84.1) 0.83 1,196 (83.6) 190 (83.0) 0.92
Yes 195 (16.5) 76 (15.9) 233 (16.3) 38 (16.6)
BMI (kg/m?) 31.2 (4.4) 31.4 (4.6) 0.41 31.3 (4.4) 31.3 (4.6) 0.87
Diabetes duration (years) 10.9 (7.3) 13.1 (7.8) 0.0001 11.4 (7.5) 12.5 (7.6) 0.035
Prior event, n (%)
No 822 (69.6) 162 (33.9) 0.0001 889 (62.2) 95 (41.5) <0.0001
Yes 359 (30.4) 316 (66.1) 541 (37.8) 134 (58.5)
History of hypertension, n (%)
No 353 (29.9) 101 (21.1) 0.0003 401 (28.0) 53 (23.1) 0.15
Yes 826 (69.9) 376 (78.7) 1,027 (71.8) 175 (76.4)
History of TZD, n (%)
No 954 (80.8) 386 (80.8) 1.0 1,155 (80.8) 185 (80.8) 1.0
Yes 227 (19.2) 92 (19.2) 275 (19.2) 44 (19.2)
Fasting glucose (mg/dL) 201.9 (66.1) 207.7 (71.9) 0.12 202.7 (66.6) 209.0 (75.1) 0.19
HbA,. level (%) 9.4 (1.5) 9.4 (1.5) 0.64 9.4 (1.5) 9.4 (1.5) 0.68
DBP (mmHg) 76.2 (9.8) 75.5 (11.1) 0.34 76.0 (10.0) 75.6 (11.3) 0.50
SBP (mmHg) 130.7 (15.5) 133.5 (18.9) 0.052 131.2 (16.1) 133.8 (19.7) 0.16
HDL cholesterol (mg/dL) 36.6 (10.4) 34.1 (9.3) 0.0001 36.3 (10.2) 33.4 (9.7) <0.0001
LDL cholesterol (mg/dL) 110.0 (63.0) 111.5 (69.2) 0.41 110.0 (58.7) 118.5 (95.3) 0.50
Total cholesterol (mg/dL) 183.0 (47.7) 184.0 (47.9) 0.82 182.0 (46.2) 191.4 (55.8) 0.037
Triglycerides (mg/dL) 210.1 (304.0) 225.1 (224.2) 0.006 208.0 (283.5) 254.4 (279.7) 0.0001

Data are means (SD) unless otherwise noted. DBP, diastolic blood pressure; NHW, non-Hispanic white; SBP, systolic blood pressure; TZD,

thiazolidinediones.

every time point over all samples and
then averaged over time points. Analyses
were performed after adjusting for 1) age
only and 2) age and covariates, reflecting
significant baseline differences in char-
acteristics between those who did and
did not develop CVD or MACEs during
the study (Table 1). When estimating
risk of variability measures, cumulative
mean of fasting glucose and HbA,. were
also separately included in the models
to clarify whether variability measures
provided information above standard
glucose measures. Differential risks of
glycemic measures between treatment
groups were examined by adding an
interaction term between treatment
group and glycemic measures in the
Cox proportional hazard models. Strat-
ified analysis within different treatment
groups was also performed.

To further assess the relationship be-
tween fasting glucose variation and CVD
events, we examined HRs for CVD events
across quintiles of log(CV)-glucose and
ARV-glucose. Quintiles of log(CV)-glucose
and ARV-glucose were each generated
in the whole group, and then strati-
fied analyses were conducted sepa-
rately by treatment arms across these
quintiles. We used the distribution of
variability measures from all time points
to define the ranges of quintile catego-
ries. The quintile category for each in-
dividual’s specific variability measure was
time dependent and calculated using
the measures from earlier time points.
Trend tests in the Cox proportional haz-
ard model were conducted by assuming
a linear trend between the increase of
quintiles and the increase of CVD risk
(i.e., treating them as time-dependent

continuous variables). In addition, the risk
of the four upper quintiles was compared
with the first quintile assuming no trend
(treating them as time-dependent cate-
gorical variables).

A severe hypoglycemia episode was
defined as “incomplete loss of conscious-
ness that requires assistance” or “com-
plete loss of consciousness” occurring
since the last visit. The cumulative severe
hypoglycemia episodes were included in
multivariable analysis using Cox propor-
tional hazard models as time-dependent
covariates. The association between glu-
cose variation measures and severe
hypoglycemic episodes over time was
evaluated using a marginal logistic re-
gression model. Effects sizes and SE
were estimated by generalized estima-
tion equations. Time-dependent variability
measures were calculated and included
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in the model in a similar fashion as in the
Cox model (i.e., they were only calculated
using HbA;. and fasting glucose mea-
sures up to the severe hypoglycemia
episode). We then evaluated whether
severe hypoglycemia affects the risk of
variability measures predicting CVD.
All statistical analyses were per-
formed using R version 3.4.0 (https://www
.r-project.org). A two-sided P < 0.05
was considered statistically significant.

RESULTS

A total of 1,659 individuals who had at
least two measurements of fasting glu-
cose or HbA;. after the first 6 months
were included in the analysis. Primary com-
posite CVD events occurred in 478 individ-
uals. The mean and median follow-up
times for the cohort were 64.6 and 67.3
months, respectively. Three-quarters of
the cohort had >60 months of follow-
up. There were on average 18.5 visit
fasting glucose and HbA;. measures
for individuals within the cohort and a
maximum of 26 measures. Baseline char-
acteristics are shown for those having or
not having a primary event during the
study (Table 1). As fasting glucose and
HbA,. observations were missing <2%
of the time, analyses were performed
without imputation. Baseline age, eth-
nicity, diabetes duration, history of hy-
pertension, prior CVD event, and HDL
and triglycerides differed significantly
between those with and without CVD
events. Mean fasting glucose and HbA,.

values over 60 visits during the study are
shown in Supplementary Fig. 1 and reveal
substantial treatment group separation
developing over the initial 6 months of
the trial that persists during the remain-
ing duration of the trial.

Risk of Glycemic Measures to CVD
We evaluated risk of glycemic measures,
including mean and maximum glucose
and glucose prior to the CVD event, and
measures of glucose variation [log(CV)
and ARV] as predictors of CVD. In the left
section of Table 2, we show estimated
HRs for the primary CVD outcome for
the multiple glucose measures adjusted
for age in the whole cohort. Cumulative
mean fasting glucose, cumulative maxi-
mum fasting glucose, log(CV) and ARV of
fasting glucose, cumulative mean HbA,,
cumulative maximum HbA;., and HbA.
prior to CVD were significant risk factors
(P < 0.05) of CVD events. Interestingly,
whereas cumulative mean or maximum
HbA,. or HbA;. measures prior to a
CVD event were significant predictors
of CVD, variability measures of HbA;
were not.

Measures of fasting glucose control
or variability measures that were signif-
icant in the age-adjusted models were
evaluated further by adjusting for mul-
tiple additional risk factors (Table 2, right
section). To clarify whether variability mea-
sures provided information above stan-
dard glucose measures, all estimates of
fasting glucose variability were further
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adjusted in these models for cumulative
mean fasting glucose during the study.
We note that because HbA;. represents
both fasting and postprandial glucose
control, we also in sensitivity analyses
reestimated the risk of variability mea-
sures (fasting glucose and HbA;.) by ad-
justing for the cumulative mean of HbA,..
Differences of results were negligible. As
interactions between fasting glucose var-
iability measures and treatment groups
were significant (P < 0.05) or borderline
significant (P = 0.06), stratified analyses
were conducted. Both log(CV)-glucose
and ARV-glucose remained significant
predictors of CVD events in the whole
group, and this was largely explained
by their strong and significant effects
in the intensive treatment group (Table 2).
Neither maximum fasting glucose nor
measures of fasting glucose variability
measures were significant with CVD out-
comes in the standard treatment group.
In contrast, cumulative mean HbA;. (P =
0.03) and prior HbA,. (P = 0.019) were
significant predictors for the whole group
but were not in either the standard or
intensive group separately. As the VADT
cohort was enriched with male veterans,
we also performed an analysis exclud-
ing the small number of women. This
did not change the results (Supple-
mentary Table 4).

To further assess the relationship be-
tween fasting glucose variation and CVD
events, we examined HRs for CVD events
across quintiles of log(CV)-glucose and

Table 2—HR (95% CI) and P values estimated by Cox proportional hazards model for primary cardiovascular outcome

Age adjusted

Multivariate adjustment

Variables

Whole group (n = 1,659)

Whole group (n = 1,608)§

Standard (n = 807)

Intensive (n = 801)

Blood glucose*
Cum-mean glucose
Cum-max glucose
Prior glucose
Log(CV)-glucose
ARV-glucose

HbA; *
Cum-mean HbA;.
Cum-max HbA;,
Prior HbA;.
Log(CV)-HbA;.
ARV-HbA,

1.088 (1.003, 1.179), 0.041
1.133 (1.036, 1.239), 0.006
1.024 (0.931, 1.127), 0.623
1.162 (1.054, 1.281), 0.003
1.168 (1.069, 1.275), 0.0006

1.117 (1.032, 1.210), 0.007
1.109 (1.016, 1.209), 0.020
1.132 (1.038, 1.233), 0.005
1.052 (0.956, 1.158), 0.303
1.056 (0.964, 1.157), 0.241

1.059 (0.974, 1.151), 0.180
1.077 (0.982, 1.181), 0.117

1.111 (1.005, 1.228), 0.041
1.138 (1.038, 1.247), 0.006

1.093 (1.005, 1.189), 0.038
1.085 (0.989, 1.191), 0.084
1.114 (1.018, 1.219), 0.019

1.049 (0.922, 1.194), 0.467

1.059 (0.905, 1.239), 0.473

1.087 (0.937, 1.260), 0.272

1.030 (0.899, 1.180),0.674
1.093 (0.959, 1.246),0.181

1.077 (0.944, 1.229), 0.270
1.091 (0.940, 1.265), 0.253
1.098 (0.962, 1.252), 0.165

1.053 (0.914, 1.213), 0.476

1.219 (1.042, 1.425), 0.014
1.197 (1.044, 1.372), 0.010

1.154 (0.975, 1.367), 0.096
1.080 (0.913, 1.278), 0.370
1.156 (0.980, 1.363), 0.085

Glucose control variables that were significant in age-adjusted models were further adjusted for ethnicity (non-Hispanic white or not), diabetes duration,
prior CVD event, history of hypertension, baseline systolic blood pressure, baseline HDL cholesterol, and baseline triglycerides; variability measures
(CV and ARV) were additionally adjusted for the cumulative mean of glucose or HbA;., respectively. Top portion shows results for fasting glucose
measures and the bottom portion for blood HbA;. measures. P values in boldface show significant (P < 0.05) risk for the primary outcome. Cum, cumulative;
max, maximum. *HRs for all glycemic exposures were standardized according to one SD of the exposures. For cum-mean glucose, it is per 35.05 mg/dL,
for cum-max glucose it is per 0.16 mg/dL. For prior glucose, it is 59.63 mg/dL. For log(CV)-glucose, one SD is 0.53, and for ARV-glucose, one SD

is 0.12. For cum-mean HbA,,, itis per 1%. For cum-max HbA, it is per 1.54%, and for prior HbA, it is per 1.31%. For log(CV)-HbA, one SD is 0.50, and for
ARV-HbA;., one SD is 0.03. Variability measures are unit free. §In the multivariate adjusted models, missing covariates lead to reduced sample sizes.
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ARV-glucose. The percentage of individ-
uals from each treatment group within
each quintile was similar when averaged
over the study duration, which indicated
that variation within quintiles is compa-
rable between groups. In the whole co-
hort, there was a significant but weak
trend for increasing risk of CVD with
higher quintiles of glucose variability
[log(CV) and ARV-glucose] (Fig. 1). These
trends were stronger in the intensive
group (both P < 0.02) and not apparent
in the standard group. In the intensive
group, the highest quintile of each of
these measures of glucose variation was
associated with ~80% higher CVD risk
than the lowest quintile.

In additional sensitivity analyses, we
examined the effects of fasting glu-
cose variability using the more easily

Whole Group (n=1608)

adjudicated and traditional hard CVD
outcome of MACEs. Although the abso-
lute number of total events was reduced
(n = 229 vs. 478), in age-adjusted models,
all fasting glucose variables evaluated were
significantly associated with MACEs. Af-
ter multivariable adjustment, including
accounting for cumulative mean fast-
ing glucose levels, log(CV)-glucose and
ARV-glucose again showed increased
CVD risk that was most apparent in the
intensive group (Supplementary Table 2).
Interestingly, cumulative mean fasting glu-
cose also showed increased MACE risk in
the intensively treated group but not in
the standard treatment group. The re-
verse pattern is shown for fasting glucose
just prior to the MACE, in which there was a
significant risk in the standard treatment
group only. Maximum measure of glucose

Standard (n=807)

Zhou and Associates

was shown to be significant in both treat-
ment groups. For HbA;. measures, only
the HbA,. value prior to the event was
associated with risk for MACEs.

Glucose Variability and Severe
Hypoglycemia

As previously reported (20-24), fasting
glucose variability is a significant and
relatively potent risk factor for severe
hypoglycemia in the whole group as well
as in each treatment arm (Supplementary
Table 3). In fact, fasting glucose variability
appeared a stronger predictor of severe
hypoglycemia than standard measures
of glucose control. All measures of HbA, .
were significant predictors for severe
hypoglycemia, although with less differ-
ence in strength between standard mea-
sures and measures of variability.

Intensive (n=801)

4 Trend Test: 4 Trend Test: 4 Trend Test:
HR (95% ClI): 1.08 (1, 1.17) HR (95% Cl): 1.02 (0.92, 1.14) HR (95% CI): 1.15 (1.03, 1.3)
P =0.05 P =067 P =0.02 ok
* %%
o3 3 3 _
= _
[hd
E=
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©
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1 2 3 4 1 2 3 4 5 1 2 3 4 5
Quintile of log(CV)-glucose
4
Trend Test: Trend Test: Trend Test: * k%
HR (95% CI): 1.1 (1.01, 1.19) HR (95% Cl): 1.03 (0.92, 1.16) HR (95% CI): 1.18 (1.04, 1.33)
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Figure 1—HR estimates for quintiles of log(CV)-glucose and ARV-glucose for the primary CVD outcome adjusted for ethnicity (non-Hispanic white or not),
diabetes duration, prior CVD event, history of hypertension, baseline systolic blood pressure, baseline HDL cholesterol, baseline triglycerides as well as the
cumulative mean of glucose. Vertical bars shown are the 95% Cls associated with HR estimates. ***Indicates estimated HR in the related variability quintile is
significantly higher than the HR of lowest variability quintile (quintile 1). Trend test results are presented as the text annotations in the figure.
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Therefore, to assess whether severe
hypoglycemia may help account for the
effects of fasting glucose variability on
CVD, we evaluated the effect of addi-
tionally adjusting for severe hypoglyce-
mia in multivariable adjusted models that
examined the effect of fasting glucose
variability on primary CVD outcomes
(Fig. 2). Measures of fasting glucose
variability remained important predic-
tors of CVD events even after account-
ing for severe hypoglycemia.

CONCLUSIONS

Glycemic variability is emerging as a
measure of glycemic control that may
be an important predictor of complica-
tions in patients with diabetes. Many
studies report adverse effects of glyce-
mic variation, including on renal and car-
diovascular complications and all-cause
mortality (9,12,14,25,26). Our results
provide further evidence that increased
glucose variability leads to increased risk
of CVD events. Importantly, this effect
of visit-to-visit variability in fasting glu-
cose persisted even after adjustment for
standard baseline risk factors as well as
average glucose (and cumulative HbA;.)
during the same time frame. Moreover,

Whole Group (n=1608)

HR P
Age Adj 1.162 0.002 —
Age+Hypo Adj 1.149  0.006 B
Multivariate Adj 1.110 0.006 —
Multivariate+Hypo Adj  1.103  0.056 ——

0.71 1.0 1.41
log(CV)

HR P
Age Adj 1.168 0.001 —a—
Age+Hypo Adj 1.155 0.002 —i—
Multivariate Adj 1.136  0.002 ——
Multivariate+Hypo Adj  1.131  0.009 ——

1.0 1.41

this effect did not appear simply mediated
by a relationship between fasting glu-
cose variation and severe hypoglycemia.
An additional novel finding was that the
association between variability in fasting
glucose and risk of CVD was most evident
in the intensively treated group. As the
extent (estimated by mean values) of
log(CV)-glucose and ARV-glucose varia-
tion appeared generally similar between
standard and intensive groups (at least
after the first 6 months), this raises the
possibility those receiving more intensive
glucose lowering may be more sensitive
to the harmful effects of fasting glucose
variation. These intriguing latter results
need further validation in other large
studies of glucose lowering. We also
note that in our analyses HbA; variabil-
ity measures did not appear to be a sig-
nificant independent risk factor for CVD
after accounting for multiple baseline
covariates as well as cumulative mean.
As HbA, reflects long-term average glu-
cose, whereas fasting glucose reflects
real-time (e.g., day-to-day) variation, the
latter may capture more fluctuation than
HbA;. measures (Supplementary Fig. 1).

Short-term glycemic variability, usu-
ally captured by repeated blood or

Standard (n=807)

HR P
Age Adj 1.074 0.293 ——
Age+Hypo Adj 1.054 0.434 ——
Multivariate Adj 1.028 0.434 ——
Multivariate+Hypo Adj  1.015 0.833 ——
071 1.0 1.41
log(CV)
HR P

Age Adj 1131 0.057 ——

Age+Hypo Adj 1111 0.109 ——

Multivariate Adj 1.093 0.109 ——

Multivariate+Hypo Adj  1.090 0.197 ——

0.71 1.0 1.41

ARV
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capillary glucose measures using gluco-
meters or implanted sensors, refers to
fluctuations within a day or between
multiple days in an individual. Long-
term glycemic variability refers to fluc-
tuations over several weeks or months
and is most commonly assessed by
changes in HbA;. or repeated visit
measures of glucose. However, there is
currently no consensus on standard def-
initions of either short-term or long-
term measures of glucose variation. In
this paper, we defined long-term gly-
cemic variation by estimating CV and
ARV for both fasting glucose and HbA;
over serial visits during the trial. We
also tested several other estimates of
glycemic variation (SD, VIM, or glyce-
mic residuals after accounting for the
effects of trends over time), but found
they either correlated extremely highly
with our selected measures and provided
similar results or were not appropriate
to use in the time-dependent covariate
models. In our analyses, we used mea-
sures of glucose control or variation as
continuous and time-dependent covari-
ates in Cox proportional hazard models
that allowed us to consider their effects
right up to the time of an outcome (16). In

Intensive (n=801)

HR P
Age Adj 1.269  0.001 —
Age+Hypo Adj 1.259  0.002 —a—
Multivariate Adj 1.221  0.002 —a—
Multivariate+Hypo Adj 1.219  0.013 ——
1.0 1.41
log(CV)
HR P
Age Adj 1213 0.002 —
Age+Hypo Adj 1.203  0.004 ——
Multivariate Adj 1.199 0.004 —a—
Multivariate+Hypo Adj 1.196  0.010 ——
1.0 1.41

Figure 2—HRs of log(CV) and ARV and their 95% CI for the primary CVD outcome with and without adjustment for severe hypoglycemia (Hypo)

events. Adj, adjusted.
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contrast, some long-term observational
studies have used aninitial period of time
in which glucose variation was captured,
“alandmark period,” and this was related
to subsequent events during a set obser-
vation period (9). Although this is a rea-
sonable alternative approach, it assumes
that variation during the observational pe-
riod remains similar to that during the
landmark period or will not substantially
influence the outcomes. Using time-
dependent estimates of glucose control
will presumably quantify the full extent
of glucose variation more accurately.
There are several mechanisms that
may explain the association between
visit-to-visit glycemic variability and car-
diovascular adverse events. It has been
shown that glucose variability leads to
activation of vascular oxidative stress,
which may be a major contributor to
development of atherosclerosis (23,24).
Other potential mechanisms include ac-
tivation of monocytes and macrophages
and enhanced production of inflamma-
tory cytokines from these and other
vascular cells (27,28). One could also
speculate that as glucose variability is
associated with more frequent hypogly-
cemic events, this would lead to in-
creased cardiovascular adverse events
(29). However, this did not appear to
account for the association of fasting
glucose variability with CVD in our study.
Overall, these results may have sev-
eral important clinical implications. First,
these findings imply that the manner
of glucose lowering may be as important
as the degree of glucose lowering. Clini-
cians may need to consider how their
therapy recommendations and medi-
cations used to achieve these changes
affect day-to-day glucose variation
(21,24,30,31). Second, the results indi-
cate that the importance of reducing
glucose variation is most relevant in pa-
tients with diabetes undergoing more
aggressive glucose lowering. As these
individuals are also at increased risk for
episodes of severe hypoglycemia, al-
ready recognized as a major determinant
of CVD events (29,32-34), the task of
successfully lowering glucose toward more
normal ranges may be more complicated
than previously appreciated. Safely low-
ering glucose may require both avoiding
marked glucose fluctuation as well as
episodes of hypoglycemia. Although the
number of individuals with both events
occurring was too low in the VADT to

allow careful analysis of the conse-
quences of this co-occurrence, it is pos-
sible that these individuals might be at
unique risk for future CVD events.

Our study has several limitations. The
typical participant in the VADT was older
and with known CVD or at high risk for
subsequent CVD. Thus, we do not know
if these findings may apply to younger
and healthier patients with T2D. Gly-
cemic measures were collected every
3 months over a 7-year period; thus,
we could only evaluate cumulative ef-
fects of long-term visit-to-visit glucose
variability on CVD. We were not able
to estimate daily glucose variation, as
that requires more extensive collection
of daily glucose measures (with frequent
fingersticks or continuous glucose mon-
itoring) than was conducted within the
VADT. Therefore, our analyses cannot
adjust for daily mean glucose control
or daily glucose fluctuation. Adjustment
for hypoglycemic events was limited to
those episodes that were severe, as these
were the most reliably identified within
the VADT. It remains possible that the
association of glucose variation with
CVD, particularly within the intensively
treated group, could be accounted for
through its relationship with other more
frequent, less severe hypoglycemia epi-
sodes. However, this seems less likely
as multiple studies, including the VADT,
have reported that the consequences of
hypoglycemia on mortality, and possibly on
CVD events, appear most pronounced in
participants receiving standard glucose-
lowering therapy (29,35). We also cannot
exclude the possibility that visit-to-visit
glucose variation reflects noncompliance
or other less healthy behaviors.

There are important strengths of this
report. The VADT was a large, carefully
conducted study that was specifically
designed to address the impact of glu-
cose lowering on CVD. Thus, the CVD
events were substantial in number and
carefully adjudicated in a blinded fash-
ion, and the collection of information
was performed in a careful and stan-
dardized fashion across sites. There were
many visits over the ~7 years of follow-
up, providing many glucose measures
for the estimates of visit-to-visit varia-
tion. As this was a randomized study of
treatment intensity, it was possible to
compare the association between glu-
cose variation and CVD events between
groups with different levels of treatment

Zhou and Associates

intensity independent of bias due to
self-selection to treatment intensity.

In conclusion, our study finds associ-
ations between higher visit-to-visit fast-
ing glucose variability and increased risks
of CVD during the VADT. These associ-
ations persist even when accounting
for more standard measures of glucose
control and the increased risk for severe
hypoglycemia that accompanies greater
glucose variation. These results suggest
that efforts to improve glucose control
in patients may need to consider how
these strategies influence long-term glu-
cose fluctuation.
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